Aim Anastomotic leakage (AL) following abdominal surgery is a critical determinant of postoperative recovery, of which the aetiology is largely unknown. Interestingly, interventions aimed at reducing the inflammatory response and postoperative ileus (POI) have an unexpected effect on AL. The aim of this study was to investigate the relation of POI with inflammation and AL after colorectal resection.
Introduction
Anastomotic leakage (AL) is a critical complication after colorectal resection of unknown pathophysiology. The aetiology cannot be attributed to a single mechanism and is clearly multifactorial. Gastrointestinal healing is complex and involves the influx of inflammatory cells, the formation and remodelling of a collagen matrix and new vessel formation. Optimal oxygen tissue pressure, growth factors, angiogenesis and epithelialization are required [1] . In the case of a leaking anastomosis, impaired perfusion with tissue ischaemia and the quality of the surgical technique are considered two of the most important factors. Various parameters have been combined to predict the occurrence of AL including clinical risk factors, early markers of inflammation in blood and drainage fluid, and radiological imaging [2] [3] [4] [5] . For instance, C-reactive protein (CRP) [6] and intestinal fatty acid binding protein (I-FABP) may be used as early markers for AL [7] . Despite this, there is uncertainty about the nature of AL and the methods used to prevent it, and the incidence has been stable over the years.
Interestingly, in patients undergoing colorectal resection, the use of chewing gum, aimed at reducing the inflammatory response and postoperative ileus (POI), had an unexpected beneficial effect on AL [8] . Another study showed that early enteral nutrition after surgery also had a strong effect on reducing both POI and AL [9] . The potential relationship of POI with AL has only been reported in a few retrospective studies [10] [11] [12] . Prospective data investigating an association are lacking, and it is therefore uncertain whether POI and AL are related.
POI is an inevitable and potentially underestimated complication of colorectal resection, with a reported incidence ranging from 3% to 32% [13] . Symptoms can last for several days, leading to prolonged length of stay and increased cost. No therapeutic strategies targeting POI are available as yet, and only supportive measures are taken to optimize the patient's recovery. The key mechanism underlying POI is intestinal inflammation, which is evoked by handling the bowel during surgery [14] . Different strategies have been proposed in experimental and clinical studies to reduce POI by inhibiting the inflammatory response [15] . In the light of these findings, we hypothesized that POI is related to AL. The aim of this study was to investigate the relationship between POI, inflammation and AL in patients undergoing colorectal resection.
Method
The present study was a post hoc analysis of clinical data from a placebo-controlled randomized trial conducted in two hospitals in the Netherlands. The trial was designed to compare the effects of chewing gum with a placebo (a dermal patch containing no active ingredients) before and after colorectal resection. The protocol of the original study was approved by both local medical ethical review boards. It was designed in accordance with the Declaration of Helsinki and Good Clinical Practice. The study protocol has been published [16] .
Patients eligible for inclusion were older than 18 years of age, had no previous history of inflammatory bowel disease and were scheduled to undergo an elective open colonic or rectal resection at the Orbis Medical Centre in Sittard and the Catharina Hospital in Eindhoven, The Netherlands. All patients provided written informed consent and were randomly assigned to the intervention or the control group by central computerized randomization software (TENA-LEA Clinical Trial Data Management System, Amsterdam, The Netherlands) on the day before the surgical procedure. For further details on the initial study design we refer to our previous paper [8, 16] .
In the present study, all patients from the initial study were included and patients with and without an anastomosis were analysed. Patients were stratified into two groups including those with and without POI. The occurrence of AL relative to POI was investigated and risk factors for AL were determined.
Complications
POI was defined as lack of passage of flatus or stool and intolerance to oral intake for at least 24 h, on the fifth postoperative day. Time to first flatus and defaecation was registered each day by the nursing staff. Start of oral intake, both fluids and solid food, was noted.
AL was defined as the clinical suspicion of AL such as fever, tachycardia, high postoperative inflammatory markers and abdominal pain, combined with signs of AL on radiological imaging which was performed in every case suspected to have this complication. AL was considered on CT when there was free abdominal air and/or liquid, leakage of intraluminal contrast, abscess or fistula formation in the proximity of the anastomosis or a visually dehiscent anastomosis at the time of reoperation. All surgical complications were registered and graded according to the Clavien-Dindo Classification of Surgical Complications [17] .
Inflammatory markers
CRP levels were determined on days 1, 2 and 3 postoperatively by an immunoturbodimetric assay (Roche/ Hitachi cobas c system, Roche, Rotkreuz, Switzerland). The plasma was separated from the cells by centrifugation (12 min at 5°C with 887 relative centrifugal force) and stored (À80°C) within 30 min of collection until further analysis. To measure plasma I-FABP we used a highly specific enzyme linked immunosorbent assay (ELISA) in duplicate that selectively detects human I-FABP (standard 12.5-800 pg/ml) (R&D Systems, Abingdon, UK). A pilot test was carried out on 10 patients, to determine at which point in time I-FABP levels were highest. Based on these results I-FABP was measured in preoperative samples and samples collected at 6, 24 and 48 h postoperatively.
Inflammatory parameters in plasma [soluble tumour necrosis factor receptor 1 (TNFRSF1A) and interleukin (IL) 8] were determined preoperatively and at 4 h after the surgical incision was made. All analyses were performed using ELISA (Hycult Biotech, Uden, The Netherlands). Colonic tissue samples were collected from the resection specimen during surgery, snap frozen and stored at À80°C. Transcriptional expression levels of inflammatory cytokines IL-6, IL-8 and chemokine ligand 2 (CCL2) were determined in colonic tissue, which was obtained during surgery. Local inflammation was measured via quantitative polymerase chain reaction (qPCR) using human intron-spanning primers (Invitrogen, Carlsbad, CA, USA). For detailed information on the ELISA and qPCR we refer to our previous paper [8] .
Statistical analysis
The patients were divided post hoc into those with and those without POI. To compare the groups, the data were tested for normal distribution. Student's t test was used to determine the statistical significance of differences between the groups. With non-parametric data, the Mann-Whitney U test was used for unpaired samples. Pearson's chi-squared and Fisher's exact tests were used to compare categorical data. Factors known to be associated with AL were analysed by logistic regression analysis. ORs were calculated with 95% CI. A P value of less than 0.05 was considered statistically significant. All statistical analyses were performed using IBM SPSS Statistics software, version 21.0 for Windows (IBM Inc., Armonk, New York, USA), except for the penalized logistic regression which was performed using R software (R Foundation for Statistical Computing, Vienna, Austria) [18] .
Results
We analysed 112 patients of whom 43 (38%) met the criteria for POI. Patient demographics, operative details and risk factors for AL were compared between the study groups (Table 1 ). There were two significant differences in patient characteristics between the groups 
Surgical complications
Forty-three of the 112 operations were rectal resections and 69 were colonic. Of the 112, 92 had an anastomosis, of whom 10 (10.9%) developed AL. Only one of the 43 patients (a patient without a protective stoma) having a rectal resection developed AL. Nine of the 69 colon resections developed AL and all of these also had POI (P < 0.001).
Of the 10 patients with AL, POI was present in nine compared with only one of the 69 patients without POI (P < 0.001) ( Table 2 ). There were more ClavienDindo 3b complications (needing reintervention under general anaesthesia) in patients with POI (n = 10) compared with patients without POI (n = 1, P < 0.001) ( Table 3 ). All patients with AL were reoperated; other indications for reoperation were wound dehiscence and postoperative haemorrhage.
Univariate regression analysis was performed to determine the influence of possible risk factors for AL. Due to the small numbers we used a penalized logistic regression [19] , which showed that POI was a risk factor for AL (OR 12.57, 95% CI: 2.73-120.65; P = 0.0005) ( Table 4 ). The creation of a stoma and the duration (number of days) of epidural anaesthesia were protective for AL and were evenly distributed among patients with and without POI.
Other known preoperative risk factors such as gender, age, body mass index (BMI), ASA classification, diabetes (Table 4) . A multivariate logistic regression analysis was not carried out owing to the small number of AL events and the lack of significant factors in univariate regression analysis.
Mucosal damage
To define risk factors for AL, we next intended to relate parameters of epithelial damage to POI and AL. Since I-FABP is known to be a marker for ischaemia and a predictor of AL, plasma levels of I-FABP were determined at four time points [7, 20] . Levels of I-FABP did not differ significantly between patients with and without POI at any of these times (Fig. 1a) , but plasma levels of I-FABP were significantly elevated in patients who developed AL compared with those without AL at 24 h after the onset of surgery [median 1724 pg/ml (interquartile range (IQR) 1430) vs 836 pg/ml (IQR 799); P = 0.04] (Fig. 1b) .
Systemic inflammation
Of the biomarker proteins of inflammation, preoperative levels of TNF receptor protein TNFRSF1A were not significantly different in patients with or without POI. Plasma levels at 4 h postoperatively, however, were significant higher in patients with POI than in those without POI: [median 0.89 ng/ml (IQR 0.56) vs 0.80 ng/ml (IQR 0.37); P = 0.04]. Plasma levels of CRP on the second day postoperatively were significantly higher in patients developing POI (mean 234 AE 77 vs 163 AE 86 mg/l; P = 0.001). Plasma levels of IL-8 preoperatively and postoperatively at 4 h were not significantly different in patients with or without POI (Table 5) . AL was not associated with early systemic inflammation.
Local inflammation
Colonic tissue expression of the inflammatory parameters IL-6 and CCL2 were significantly higher in patients developing POI vs patients without POI [median 0.003 (IQR 0.007) vs 0.001 (IQR 0.004) arbitrary units, P = 0.004; and median 0.0034 (IQR 0.006) vs 0.0031 (IQR 0.003) arbitrary units, P = 0.05] ( Table 6 ).
Discussion
In the present study the relationship between POI, inflammation and AL was evaluated using data from a prospective clinical trial. Our results indicate a strong correlation of POI with AL. In a cross-check analysis, evaluating the data of a randomized controlled trial conducted by Boelens et al. [9] , a correlation between POI and AL was also demonstrated. The current results support the experimental findings that systemic inflammation is important in POI [21, 22] . Over the last 20 years surgical technique [23] and perioperative regimes [24] have evolved and scoring systems for AL have been developed [25, 26] . Despite this and the knowledge acquired on possible risk factors such as NSAIDs [27] , there has been no fall in the incidence of AL, implying that its basic pathogenesis is still unknown. Anastomotic healing depends on an acute phase inflammatory response, followed by repair through invasion of fibroblasts and collagen deposition. A degree of acute inflammation is necessary for wound healing, and the point during the healing process at which failure occurs is unknown [28] .
Several risk factors for AL have been established, including male gender, diabetes mellitus, duration of operation and intra-operative blood loss [29] . In the present study none of these was a confounder of the relationship between POI and AL. We hypothesized that POI and AL might have overlapping risk factors, but we were unable to determine any of these and risk factors for POI have mostly been reported in retrospective studies [30, 31] .
Ischaemia is a factor for AL [1, 32] and it is thought that high levels of I-FABP are the result of diminished blood supply in the splanchnic circulation [33] . IFABPs are small proteins present in mature enterocytes at the tip of the villus and released into the circulation when the enterocyte membrane breaks down. Although it seemed possible that a restricted blood supply could affect both AL and POI, the postoperative I-FABP levels were not significantly different between patients with and without POI. Interestingly, we did find high levels of I-FABP postoperatively, which was supported by the findings of a study in which I-FABP had been investigated as a marker for AL [7] .
Postoperative prolonged elevation of CRP levels could indicate the development of general inflammatory complications [6, 34] . This was in line with the finding in the present study that CRP levels on postoperative day 2 were higher in patients with POI than in patients without. These data support the hypothesis that a systemic component may be present in the aetiology of POI in humans. It is known that the degree of postoperative systemic inflammatory response, in particular CRP levels, is associated with AL [6, 35] , but it was not possible to demonstrate this in the present study owing to the small number of patients with AL.
There is now evidence that local inflammatory processes play a significant role in the genesis and persistence of intestinal hypomotility [36] . Mast cells and activated resident macrophages may play a vital role in this process [37, 38] , but studies in humans are uncommon. Manipulation of the intestine has been shown to trigger leukocyte invasion into the intestinal wall and local release of pro-inflammatory mediators, thereby causing local inflammation. Most studies suggest that impaired gastrointestinal motility is a consequence of this inflammatory response [21, 38, 39] , but the present study could not demonstrate such an effect owing to the small numbers. In an experimental study a relationship between inflammation and AL has been described. Pro-inflammatory cytokine release, such as TNF-a, modulates intestinal epithelial function and may inhibit healing of an intestinal anastomosis [40] .
In the present study cytokines and inflammatory markers were elevated in patients who developed POI and AL, but it was not possible to confirm or deny the hypothesis that the early inflammatory response that leads to POI also impairs anastomotic healing. The observed association may be interpreted as a coincidence, yet it does provide new insights into developing possible strategies to identify and treat these complications. Consequently, reduction of inflammation may be important to reduce both POI and AL [41] . Experimental studies have demonstrated that the inflammatory response can be reduced by activation of the autonomic nervous system with cholecystokinin by means of nutrition [42] , and POI can also be inhibited by a similar mechanism [43] . In subsequent clinical studies, our group has shown that early postoperative enteral nutrition and sham-feeding by chewing gum are very effective means of reducing POI and inflammation [8, 9] . Both studies also revealed a remarkable effect on AL, showing a reduction in AL from 14.5% to 2% in patients having early enteral nutrition and from 13% to 3.5% in patients chewing gum.
The present study has some limitations. It was a post hoc analysis and, as a consequence, the study population was not adequately powered for its aim, as demonstrated by the wide range of odds ratios. We tried to overcome this drawback by performing a post hoc power analysis, appropriate for our end-point to gain insight into the size of the gap between the actual and the theoretical sample sizes. A two-sided 5% significance level was used. Post hoc power analysis showed a power of 99.2%, with our sample size of 43 patients in the group with POI. Hence, the study appears to have been adequately powered for the endpoint of AL. In the study only patients having an open resection were included, but it would be interesting to include those having laparoscopic surgery since this is now the more commonly used technique. A limitation of this study is that only patients with a clinically evident AL were included. Since patients with a protective stoma may have had a subclinical leakage, this may have influenced the correlation between POI and AL, possibly leading to an underestimation of the effect, since the incidence of POI in patients with a protective stoma was large (46%). The strength of the study is that it is based on a large-scale randomized controlled trial with POI as the primary outcome parameter.
In conclusion, AL appeared to be related to POI in this post hoc analysis of a prospective study, but it is uncertain which of POI or AL is the initiating event.
Further experimental studies are needed to determine the detailed underlying pathophysiology. In a clinical setting inflammation was shown to be an important mechanism in POI and elevated levels of I-FABP were found in AL, suggesting an important role for intestinal blood supply.
